Abstract: Quantitative studies on river channel lateral erosion/accretion area changes over time can reveal the characteristics of channel evolution. Taking the 213-km-long Linhe reach braided channel of the Yellow River as an example, area changes in channel bank erosion/accretion in four sub-reaches (S1, S2, S3 and S4) over 19 different periods were evaluated on the basis of remote sensing images captured since 1977. Mean channel shrinkage rate for the whole river reach was also obtained. Results show that the left and right banks of the Linhe reach were dominated by lateral net accretion between 1977 and 2014. The channel area of this section of the Yellow River was characterized by reduction between 1977 and 2001, while periods of alternate erosion and accretion occurred subsequent to 2001. Mean channel shrinkage rate in the Linhe reach braided channel was 6.15 km 2 /yr between 1977 and 2014, while the most remarkable changes in channel planform occurred in the 1990s. Compared to 1995, channel length and sinuosity increased by 5.8% and 6.6% by 2000, while channel area and mean width decreased by 39.4% and 42.8%, respectively. Significant changes in channel planform and shrinkage of the Linhe reach occurred in the 1990s, mainly as a result of the joint-operation of the Longyangxia and Liujiaxia reservoirs since 1986, which caused substantial reductions in runoff and sediment flux during the annual flooding season. In addition, bank erosion/accretion in the four sub-reaches was affected by the physical properties of local banks, engineering emplaced to protect channel banks, and hydrodynamic differences. However, since the implementation of integrated river management measures from 2000 onwards, these changes have been significantly mitigated and the health of the Linhe reach braided channel of the Yellow River has been restored.
Introduction
Channel evolution in the Ningxia and Inner Mongolian reaches of the Yellow River is complicated and varies in both time and space (Wang et al., 2014) . A number of different channel patterns coexist along the length of the river which have resulted from variations in their evolution. Over recent decades, the sedimentary rate in channels has increased alongside an obvious decrease of runoff as human activities have increased. This enhanced sedimentary rate has in turn led to notable channel shrinkage and a decrease in flood flowing capacity, resulting in an increased potential for disastrous flooding affecting riverside human production and life (Zhao et al., 1999; Yang and Ren, 2004; Shen et al., 2007; Liu et al., 2009; Wang et al., 2012a, b) . Because of this increased flooding risk, numerous studies have focused on channel evolution, water and sedimentary processes in the channel reaches. For example, Li et al. (2003) analyzed spatio-temporal variation in the Houtao reach of the Yellow River over the last 2,000 years on the basis of historical documentary records, landforms, and remote sensing images, while Yang et al. (2003) studied the channel bed sediments of the Inner Mongolian reach to show that 80% of sediments with grain sizes greater than 0.1 mm are aeolian sands. On this basis, they concluded that the main sources of deposited sediment in the channel bed are the Ulan Buh and Kubuqi deserts. Wang et al. (1996) analyzed the responses of runoff and sediment change, channel scour-fill, and channel planform evolution in the Inner Mongolian reach of the Yellow River to upstream reservoir operations. Su et al. (2015) also studied the impact of jointly operating reservoirs on the change ratios of channel geometry in the Inner Mongolian reach of the Yellow River, concluding that the channel in this section of the river shrunk noticeably as a result of upstream reservoirs. Wang et al. (2014) calculated channel bank shift rates in the Yinchuan Plain reach of the upper Yellow River by comparing the lengths of channel cross-sections visible in remote sensing images from different years. Yao et al. (2011 Yao et al. ( , 2012 ) also estimated erosion area change along the river banks in the Ningxia and Inner Mongolian reaches of the Yellow River based on satellite images from different years, concluding that annual mean erosion area decreased between 1958 and 2008. Additional research has been focused on thaw flood discharge (Yang, 1992) , river course changes (Wu et al., 2006) , channel pattern changes (Wang, 2008) , the responses of channel cross-sections to flood processes , spatio-temporal variations in sediment filling capacity and sedimentation rate (Wang et al., 2012a) , channel hydraulic geometric changes (Ran et al., 2012) , and the factors influencing channel evolution (e.g., Fan et al., 2010; Qin et al., 2011; Li et al., 2012; Shi et al., 2013; Wang et al., 2014) in the Ningxia and Inner Mongolian reaches of the Yellow River.
Exhibiting a typical braided channel pattern, the Linhe reach (Figure 1 ) is the most complicated of the channels of the upper Yellow River in terms of its evolution. Despite the fact that the well-known 'above ground' section of the Yellow River (the 'hanging river' where the river level, surrounded by dykes, is meters above ground level) is located just within the river reach, there have been relatively few studies on the channel lateral erosion/accretion area and the rate of change of the braided channel. This study focuses on channel planform changes of the Linhe reach based on 20 remote sensing images captured between 1977 and 2014. The purpose of this study is to estimate lateral erosion/accretion area and the lateral change rate of the braided channel in the Linhe river reach. This work aims to determine the main period of channel shrinkage of the braided channel, and to analyze the influence of natural and artificial processes on channel evolution. Results have significance to our understanding of channel evolution and river management in the braided river reach.
Study area
The Linhe reach of the Yellow River is located between Bayangaole and Sanhuhekou gauging stations (Figure 1 ) and has a total channel length of 213 km, a mean channel width of 1.3 km and a channel gradient of 0.00016 . This reach of the river flows across the Hetao Plain, located between Yinshan Mountains and the northern margin of the Ordos Plateau. Exhibiting a typical braided channel pattern, the Linhe reach has both broad and shallow channels and numerous mid-channel bars (Shi et al., 2013) . Channel banks are mainly silty sediment with dykes common on the left bank; the sediment on the channel bed is mainly fine sands (Wang et al., 1996) and no tributaries join the river reach. The Linhe river reach is located in the periphery of the monsoonal climate region where mean annual precipitation is about 150 mm. However, the intra-annual distribution of precipitation is extremely uneven with about 75% of the total occurring between July and September (Wang et al., 2014) . The river surface is covered with ice from December to March each year leading to a serious spring flood when the ice begins to melt in late March (Yao et al., 2007) .
Data and methods
Compared to traditional monitoring methods, the advantages of remote sensing include rapid data collection, the potential for macro-analyses, and research spanning time periods. This technology can be used for large-scale investigations and monitoring of channel evolution (e.g., Kang and Wang, 1999; Zhong et al., 2006; Nicoll and Hickin, 2010; Wang et al., 2014; Su et al., 2015) . In this study, remote sensing images collected over a 20-year period between 1977 and 2014 were used to measure the planform geometry of the channel reach each year (Table 1 Channel planform geometric measurements for each year as well as channel area and channel shrinkage rate calculations for each period along the river reach were completed via GIS analysis of historical images, a well-established technique (e.g., Nanson and Hickin, 1986; Petts, 1989; Gurnell, 1997; Wellmeyer et al., 2005) . To reduce errors in channel bank extraction, the remote sensing images used in this study were obtained in the flooding season (June-September), and taking both wide and shallow channels into account, the riverside vegetation boundary was used to mark the channel bank. To eliminate the influence of water level fluctuations on channel width, extraction of the channel bank using the riverside vegetation boundary is a generally adopted method (e.g., Gurnell, 1997; Winterbottom, 2000; Yao et al., 2012; Wang et al., 2014) . The channel boundary for the individual channel sections, absent of riverside vegetation, can thus be regarded as the newly formed river bank for each year.
Using the WGS84 coordinate system and Envi 5 software, remote sensing images were processed in a three-step sequence. First, to highlight the river boundary and main current information, MSS data were processed using false color synthesis of bands 5, 4, and 3, while TM and ETM data were processed using false color synthesis of bands 4, 3, and 2. Second, implementing the image processing function in the Envi software, a 1:50,000 relief map was used to correct the same name points on the 2014 image using the quadratic polynomial method, before image pixels for other years were registered based on geometric precision correction of the 2014 remote sensing image (error is controlled within 0.5 pixels). Third, the software ArcGIS 9.3 was used to digitize the river boundary, trace the channel planform for each year, and then calculate channel bank length for each year and channel area change between each time period.
Considering spatial differences in bank erosion/accretion rate that were reported by Yao et al. (2010) for the Inner Mongolian reach of the Yellow River, the Linhe river section studied here was divided into four sub-reaches: S1, S2, S3, and S4 along the length of the river (Figure 2 ), each with a channel length of 61.0 km, 42.5 km, 56.5 km and 54.0 km, respectively. Using the area differences in polygons comprising the right or left channel bank line and fixed boundaries, the lateral erosion/accretion area on both banks for the four sections in each time period was estimated. Thus, for the whole Linhe reach of the river, the lateral erosion/accretion area is the sum of the area changes of the four sub-reaches in a given period. For example, Figure 2 shows the polygons that comprise the right bank of the Linhe reach in 2014 as well as the fixed boundaries for the sub-reaches. For calculations in other years, polygons were simply changed on the right bank, while to estimate erosion/accretion area on the left bank, polygons similarly comprise sections of this bank for different years along with fixed boundaries. Thus, channel expansion/shrinkage area is the sum of the erosion/accretion area on the right and left banks along the river reach. There is a relatively low error inherent to this method for the calculation of channel expansion/shrinkage, as the polygon-bounded change in area consists of one variable, the right or left channel bank line, and a number of fixed boundaries (Figure 2) , comparisons of the polygon-bounded area changes consist of just two (right and left) variable channel bank lines and given fixed boundaries. The channel length of the Linhe reach of the Yellow River increased by 11.77 km (from 204.3 km to 216.07 km) over the time period of this study, at a ratio of change of 5.8%. Over the same period, channel area decreased by 156.24 km 2 (from 396.42 km 2 to 240.18 km 2 ), a ratio of change of 39.4%. Decrease in mean channel width over the study period, however, was more significant as this was reduced by 0.83 km (from 1.94 km to 1.11 km) at a ratio of change of 42.8%. Channel sinuosity for the whole Linhe reach showed a similar trend to variation in channel length; sinuosity for the whole Linhe reach increased by 0.07 (from 1.06 to 1.13) over the period between 1995 and 2000, a ratio of change of 6.6%.
Results show that a similar trend is evident in mean channel width (Figure 4a ), but that there are differences between the four sub-reaches. Overall, mean channel width for the four sub-reaches decreased in the period before 2000, with the most marked reduction seen between 1995 and 2000, when the channel was the narrowest. A slight increase was seen subsequent to 2000. The greatest mean channel widths were seen in 1977 for the S3 sub-reach and in 1989 for the S1, S2, and S4 sub-reaches. The greatest mean channel width of the four sub-reaches was 2.8 km for the S2 sub-reach, while the difference in mean channel width between the four sub-reaches was greater before 2000 that it was afterwards. In addition, the extent of variation in mean channel width in the S1 and S4 sub-reaches was the smallest out of the four, especially before 1995. 
Variation in erosion/accretion area on the left bank
If the area of a polygon is composed of given fixed boundaries (Figure 2 ) and if the left or right bank in a previous year is denoted A 1 , then the area of a polygon composed of these given fixed boundaries and the left or right bank in subsequent year will be A 2 . Thus, A 2 minus A 1 is the area of lateral erosion/accretion, shown for the years of the study period in Figures 5a and 5b, for both banks and for all sub-reaches (in Figure 5a , a positive value indicates lateral erosion, while a negative value denotes lateral accretion; in Figure 5b , a positive and negative value denotes lateral accretion and erosion, respectively). Calculated lateral erosion/accretion areas of the left bank for the four sub-reaches are shown in Figure 5a , variable among the four sub-reaches at different times. Overall, net lateral accretion was the dominant process affecting the left channel bank of all sub-reaches between 1977 and 2014. 
Variation of erosion/accretion area on the right bank
Calculated areas of lateral erosion/accretion for the right bank for the four sub-reaches are shown in Figure 5b . Results show that lateral erosion/accretion areas for the right channel bank were different among the four sub-reaches in different periods. Erosion/accretion were similar to that seen on the left bank, especially as lateral net accretion was also the dominant process controlling the development of the right bank in all sub-reaches in the period between 1977 and 2014. Over the 37 years of this study, areas of lateral net accretion on the right bank were 84.77 km 2 , 30.83 km 2 , 8.74 km 2 , 26.44 km 2 , and 18.76 km 2 for the whole Linhe reach and for the four sub-reaches (S1, S2, S3 and S4), respectively. In the period between 1995 and 2000, areas of lateral net accretion were 17.64 km 2 , 9.78 km 2 , 17.36 km 2 , and 11.55 km 2 for the four sub-reaches, accounting for 57.2%, 111.9%, 65.7%, and 61.6%, respectively, of the total lateral accretion area for the period between 1977 and 2014. Lateral erosion was the dominant process controlling development of the right bank in the period between 1988 and 1989; areas of erosion were 12.73 km 2 , 3.49 km 2 , and 8.7 km 2 for sub-reaches S1, S2 and S4, respectively. The area of channel erosion/accretion during a given time period can be calculated by subtracting the channel area in the first year in the period from the channel area in the last year (a positive value thus indicates channel lateral erosion, while a negative value indicates channel lateral accretion). Calculated areas of channel lateral erosion/accretion for the different time periods of this study are listed in Table 2 and illustrated in Figure 7a . In the period between 1977 and 2000, channel lateral accretion and erosion occurred alternately with just small variations in the four sub-reaches, especially in S1 and S2 (Figure 7a ). Changes in channel area over the periods 1977-1988, 1988-1989, 1989-1991, and 1995-2000 
Variation in channel erosion

Rate of channel area change
The rate of change of channel area was obtained using channel net erosion/accretion area for a given period (unit year) divided by year. Thus, erosion/accretion rate data for the channel areas of the four sub-reaches and the whole Linhe reach are listed in Table 2 , and variations in channel erosion/accretion rate for the four sub-reaches in the period between 1977 and 2014 are shown in Figure 7b . Results show that the channel erosion/accretion rate for sub-reaches S1 and S2 was faster before 2000 than afterwards, especially in the periods between 1988 and 1989 and 1989 and 1991 . During these time periods, the erosion rate was 23.8 km 2 /yr and -16.61 km 2 /yr, and 20.78 km 2 /yr and -10.49 km 2 /yr, for sub-reaches S1 and S2, while in other time periods, channel erosion and accretion rates fluctuated around 5 km 2 /yr. In contrast, the channel erosion/accretion rate for sub-reaches S3 and S4 was lower before 2000 than afterwards when the whole time period is taken into account (Figure 7b) . The average rate of change in channel area for sub-reach S3 was approximately 4.3 km 2 /yr and 4.2 km 2 /yr before, and after, 2000, while in sub-reach S4 these rates were 6.7 km 2 /yr and 7.4 km 2 /yr, respectively. For sub-reaches S1, S2, S3, and S4, average channel erosion rates were 12. The average accretion rate was greater in the period 1977-2000 than in the period 2000-2014, while overall this was the largest in sub-reach S4 and the lowest in sub-reaches S2 and S3.
The rate of change in channel area was commonly larger over relative short periods of time than over longer periods (Figure 7a) . Indeed, for the whole of the Linhe reach, the 
Discussion
Variations in water and sediment discharge are the main factors causing dynamic channel deformation in a river, although the discharge of entire banks in the flooding season can cause the greatest changes. Thus, the composition of materials in the channel bed and banks are subordinate factors controlling changes in channel morphology. The processes of interaction between silt-laden water flows and channel boundaries lead to channel deformation in a river, and human intervention has gradually increased alongside the social and economic development. For instance, construction of a river embankment will change the resistance to erosion of a river channel, while construction of dams and reservoirs, and water and soil conservation measures in a watershed change the water and sediment processes of a river, affecting channel change processes and deformation rates.
Clear changes in channel planform in the Linhe reach of the Yellow River occurred over the 37 years of this study, influenced by water and sediment changes, different channel erosion resistance, and variation in water power. For example, Figures 3 and 8 show that channel length in the Linhe reach has decreased as runoff has increased alongside the load of suspended sediment at Bayangaole gauging station. Channel area has also increased with runoff and decreased with increasing suspended sediment load at the station. These results are consistent with the relationship reported by Yao et al. (2012) between channel morphological changes in the Inner Mongolian reach of the Yellow River and water and sediment variations at the Qingtongxia gauging station.
In the Linhe river reach, channel banks are composed of silty sediment while a stone embankment has been intermittently constructed on the left bank, mid-channel bars are developed, and the main flow line often swings laterally. The channel reach in this section of the Yellow River exhibits a typical braided pattern . Results show that the total area of channel accretion in the Linhe reach between 1977 and 2014 was 227.89 km 2 , and that the accretion areas of the left and right banks were 143.12 km 2 and 84.77 km 2 , respectively. These data indicate that the channel of this river section has shrunk markedly over the last 37 years, and that in addition, the area of shrinkage of the left bank has been larger than that of the right bank, so as a whole the mid-river line has been displaced the right. This shrinkage trend has mainly been influenced by a decreasing discharge of water and sediment in the flooding season, controlled by the operation of upstream reservoirs and bank protection works. Of the four sub-reaches of the Linhe reach, the river channel is the broadest and swings strongly in sub-reaches S2 and S3 (Figure 4) as the channel banks in these sections have a relative lower resistance to erosion and high energy consumption because of shallow and dispersive flow. Because the entrance to sub-reach S1 is at the Bayangaole station, 422 m below the Sanshenggong reservoir, the channel swing in the S1 sub-reach is relatively small because water discharged from the reservoir cannot easily be diffused and river bank protection is strong. In contrast, channel swing for sub-reach S4 is the least because this section is located at the end of the Linhe reach, so it has the weakest flow power.
The rate of change of channel area in the periods 1977-1988 and 1977-2014 was 6 .15 km 2 /yr and 6.16 km 2 /yr, respectively, far less than that which has occurred over short periods of one or two years (Table 2) , because it is related to channel to-and-fro swing over long periods. The total channel accretion areas in these two periods were 67.67 km 2 and 227.89 km 2 , respectively, clearly demonstrating that the channel in the Linhe reach of the Yellow River has shrunk overall. (Wang et al., 2014) , the channel lateral erosion/accretion rate before 1990 was slightly greater than that after 1990 (Figures 5 and 6 ) and the channel net accretion area in the 1990s was far greater than that seen in the periods before 1990 and after 2000. Joint operation of the Longyangxia and Liujiaxia reservoirs since 1986 has decreased water volume and the load of suspended sediment in the flooding seasons, increased water volume in the non-flooding seasons for the river channel below the reservoirs, and decreased the peak flood flow (Wang et al., 1996; Shen et al., 2007) . Operation of these reservoirs is the primary reason for substantial adjustments in channel planform and critical shrinkage in the Linhe river reach. Following improvements to the reservoir joint operation system implemented to reduce the influence of the dried up lower Yellow River since 2000, the intensity of channel lateral erosion/accretion in the Linhe river reach decreased.
Conclusions
The channel planform parameters of the Linhe reach of the Yellow River were different before, and after, 2000, as evidenced by the data presented here from the period 1977-2014. Dramatic changes were seen between 1995 and 2000; relative to 1995, channel length and sinuosity increased 5.8% and 6.6%, respectively, while channel area and mean width decreased 39.4% and 42.8% in 2000, respectively. For the four sub-reaches (S1, S2, S3, and S4) of the Linhe reach of the Yellow River discussed here, the clearest and most marked changes in channel planform were seen in the middle two sub-reaches (S2 and S3). Lateral net accretion of both the left and the right banks of the Linhe reach of the Yellow River characterizes the period 1977-2014. Lateral net accretion of a channel can lead to shrinkage; the average shrinkage rate of channels in the river reach studied here was 6.15 km 2 /yr over the whole period. For the four sub-reaches of the Linhe reach in the period 1995-2000, lateral accretion areas of the left bank were 33.16 km 2 , 49.59 km 2 , 29.52 km 2 , and 30.85 km 2 , accounting for 85.5%, 51.2%, 47.2%, and 104.6% of the total accretion area of the whole period, respectively. Over the same period, the lateral accretion areas of the right bank were 30.83 km 2 , 8.74 km 2 , 26.44 km 2 , and 18.76 km 2 , accounting for 57.2%, 111.9%, 65.7%, and 61.6% of the total accretion area, respectively.
Between 1997 and 2014, the channel of the Linhe reach of the Yellow River shrunk overall. At the same time, lateral accretion has led to a remarkable decrease in channel area, as well as an increase in channel sinuosity and a slight increase in channel length. Over the 1990s, changes in channel planform parameters for this river reach exceeded 50% of all changes seen during the whole period 1977-2014. These changes have been caused by a decrease of water and suspended sediment load during the annual flooding season because of the joint operation of the upstream Liujiaxia and Longyangxia reservoirs since 1986. However, since 2000, as a result of the implementation of integrated river management measures, these changes have been significantly mitigated and the health of the Linhe reach braided channel of the Yellow River has been restored.
